improvements in insulinemia, glycemic control, adiponectin, homeostatic model assessment method to quantify insulin resistance (HOMA-IR), atherogenic profile, and cardiovascular risk factors, along with markers of improved ␤-cell function and rest (21, 25, 61, 75, 78) . Given this potential, in 2006, it was even approved in several countries for, among other indications, obesity and diabetes prevention. Unfortunately, due to serious neuropsychiatric effects, both rimonabant and its clinical trials were abruptly terminated (41) . This was a bellwether for other emerging CB1 inverse agonists that were experiencing their own problems with central nervous system side effects (76) .
More recently, interest in CB1 inverse agonists has been reemerging on the heels of two studies suggesting that the body weight-independent improvements in glucose homeostasis and metabolic profile might be mediated by peripheral mechanisms (50, 75) . This implies that peripherally acting compounds could help prevent obesity and its comorbidities, such as cardiovascular disease, while at the same time avoiding any adverse central side effects. However, such compounds would not be expected to affect hunger or satiety.
Rimonabant treatment produced improvements in insulinemia and glucose homeostasis in rodent models and man. In rodents this was associated with a histomorphological phenomenon termed ␤-cell rest, which is associated with prevention of progression from obesity to diabetes conversion (25) . The mechanism by which rimonabant led to improvements in insulinemia and ␤-cell rest has not been determined. One possibility is that CB1 inverse agonists primarily improve peripheral insulin sensitivity either directly (50) or in part through central mechanisms (51) . This should secondarily lessen insulin demand and insulinemia over time, thereby promoting ␤-cell rest. Alternatively, another class of drugs exerts ␤-cell rest and insulin lowering through a different mechanism. ATP-sensitive potassium (K ATP ) channel openers (KCOs) such as diazoxide and NN414 directly inhibit glucosestimulated insulin secretion (GSIS), facilitating ␤-cell rest, lowering plasma insulin, and reducing insulin hypersecretion in obesity (79) .
Here, the ability of another CB1 inverse agonist, ibipinabant, to improve insulinemia was examined and found to be comparable with rimonabant in this regard. Surprisingly, in vivo and in vitro mechanistic studies revealed an acute insulinlowering diazoxide/NN414-like effect of these drugs. Pharmacological and CB1-knockout (KO) studies indicated that cer-tain cannabinoid agonists, inverse agonists, and their distomers may affect K ATP -dependent insulin secretion in a CB1-independent fashion. Studies in sulfonylurea receptor 1 (SUR1)-KO mice suggest the involvement of SUR1 K ATP channels. Consistently, rimonabant and ibipinabant opened K channels in cells overexpressing hamster Kir6.2/SUR1 K ATP channels and tested positive in a modulator titration assay for KCOs, indicating that they can bring about these effects through a direct allosteric regulation of human Kir6.2/ SUR1 K ATP channels. Our finding that CB1 distomers also inhibit insulin secretion has important implications for the development of new insulin-lowering therapeutics from existing chemical structures developed initially for CB1 applications, thereby avoiding both the adverse neuropsychiatric effects of CB1 blockers and the toxicities or side effects of 1,2,4-thiadiazine 1,1-dioxide (diazoxide-based) derivatives developed for SUR1. Such compounds might be helpful to preserve ␤-cell mass in type 1 diabetes for long-term treatment of congenital hyperinsulinism or persistent hyperinsulinemic hypoglycemia of infancy and/or to prevent the conversion of obesity diabetes by eliciting ␤-cell rest and decreasing the contribution of hyperinsulinemia to otherwise worsening insulin resistance (for review, see Refs. 17 and 79).
RESEARCH DESIGN AND METHODS

Animals. The Pennsylvania State College of Medicine Institutional
Animal Care and Use Committee approved the animal protocols in this study. Animals were maintained on a 12:12-h light-dark cycle (7 AM to 7 PM) and provided Teklad 2018 diet. Male SpragueDawley or obese Zucker rats from Charles River Laboratories were allowed to acclimatize for 7-14 days before experimental handling. Male C57BL/6J, obese ob/ob, and db/db C57BL/6J genetic background and KKAy mice were obtained from JAX (Bangor, ME).
SUR1 and CB1 receptor-KO mice on the C57BL/6 background were generously provided by Dr. Joseph Bryan (Pacific Northwest Diabetes Research Institute, Seattle, WA) (67) and Dr. James Pickel (NIMH Transgenic Core, National Institutes of Health, Bethesda, MD) (83), respectively. Mice were maintained by heterozygote breeding, with occasional back-crossing to new C57BL/6J mice from Jackson Laboratories. Genotypes were determined using protocols from the donating laboratories in multiplex PCR assays, followed by size analysis of the electrophoretically separated bands of amplified DNA.
In one experiment, mice were maintained for Ն11 wk on a 60% fat diet from Research Diets (no. D12492; Research Diets, New Brunswick, NJ) to induce obesity (DIO mice).
Chronic study. Zucker rats were allocated to three treatment groups: vehicle control, rimonabant (10 mg·kg Ϫ1 ·day Ϫ1 ), and ibipinabant [a.k.a., SLV-319, BMS-646256 (10 mg·kg Ϫ1 ·day Ϫ1 )]. Rats were individually caged with a Nyda chew bone with ad libitum water and food, except for the evening before measurements that required food deprivation. During the study, body weight, food provided, and refusal were monitored daily between 8:30 and 9:30 AM, when rats received their oral dose of vehicle or drug by gavage. The two drugs were suspended at a concentration of 10 mg/ml in vehicle containing 2% polyethylene glycol (MW ϭ 400) and 98% diluted carboxymethyl cellulose (1% suspension). Vehicle controls received an equivalent volume per kilogram body weight of vehicle only. Study duration was 10 wk.
Acute actions in vivo on glucose tolerance test. For acute mechanistic studies, we initially examined the effect of 24-h treatments with various compounds, thinking that some acute effects might require some time to manifest themselves. We used several dosing schemes due to the half-life of some of the drugs, such as once/day dosing or twice/day dosing. In the latter case, the total daily dose was split either equally (½ dose in the morning and ½ dose in the afternoon) or as one-third in the morning and two-thirds in the afternoon. This means that over 24 h some animals in some experiments received two drug or vehicle gavages before the glucose tolerance test (GTT), whereas in other experiments the animals received three gavages. Thus, CB1 inverse agonists were dosed once daily, i.e., a full indicated daily dose in the morning on day 0 and another full dose on day 1, with the second dose being 45 min before the GTT. NN414 was 5 mg·kg Ϫ1 ·day Ϫ1 bid, with a half-daily dose in the morning on day 0, another half that evening, and the last gavage being a half-dose on the morning of day 1, again 45 min before the GTT. Diazoxide's daily dose was 100 mg·kg Ϫ1 ·day Ϫ1 with a one-third daily dose in the morning, two-thirds in the afternoon, and one-third on day 1 in the morning, also 45 min prior to the GTT.
Subsequently, it was found that 24 h was not necessary to observe early effects on GTT. Therefore, in other studies described here, only a single dose of drug was provided 30 -45 min before a GTT.
GTT and plasma insulin assays. Oral (rats) or intraperitoneal (ip; mice) GTTs were performed in overnight-fasted animals; plasma insulin was determined by enzyme-linked immunosorbant assay (ELISA) and the HOMA-IR, as described previously (68) .
Islet perifusion/concentration-dependent screening. Pancreatic islets were isolated using a method based on the ductal injection of collagenase, as described previously (22) . Oxygenated (95% O 2/5% CO2) Gey & Gey buffer (28) was used throughout with the following constituents (in mM): NaCl (111), NaHCO3 (27) , KCl (4.96), CaCl2 (2.0), MgCl2.6H2O (0.28), Na2HPO4 (0.63), KH2PO4 (0.22), 1 mg/ml bovine serum albumin, and 4 mM glucose, unless stated otherwise. Rats were euthanized by CO2 asphyxiation, which was followed by cervical dislocation. The peritoneal cavity was opened, and the branch of the bile duct leading to the liver and the duodenal end of the duct in the pancreas were clamped. The pancreas was distended by the injection of ϳ10 ml of ice-cold 0.9 mg/ml collagenase (Sigma XI Lot 79F-6827) solution into the bile duct using a syringe and a 23-gauge needle. The pancreas was then removed and incubated statically in a Universal container for 10 -12 min at 37°C. Following the incubation, 10 ml of ice-cold buffer was added, and the suspension was shaken vigorously by hand for 1 min and finally allowed to stand on ice for 5 min. Islets separated from the digested pancreas by settling as a loose pellet at the bottom of the container. The aspirated islet pellet was then washed three times using (ϳ20 ml) ice-cold buffer. Wellformed and good-sized islets were hand-picked (under a low-power microscope) and pooled for loading into the perifusion equipment.
On each day, two experiments were performed in parallel using two identical, independent sets of perifusion apparatus, as described previously (22) . Each perifusion apparatus consisted of six perifusion chambers. Chambers (25 mm of Nalgene, 0.8-m cellulose acetate syringe filters) were loaded with 20 islets from the same pooled batch and perifused with Gey & Gey buffer at 1 ml/min for 30 min. Fractions from the perifusate were collected at 2-min intervals. Perifusate was collected for an initial 10-min period (to obtain baseline insulin values), and then the buffer to each chamber was changed to one containing the relevant vehicle, drug, or glucose. The perifusate was then collected for an additional 60 min. Perifusate fractions were stored at Ϫ75°C until required for insulin assay.
Insulin assays on perifusate samples were performed using 96-well ELISA kits from Mercodia (Rat Ultrasensitive, cat. no. 10-1137-10). Insulin is unstable when diluted in physiological buffers; therefore, perifusate fractions were not subjected to repeated freeze-thaw cycles. Baseline perifusate fractions were assayed undiluted, and all other fractions were diluted prior to assay in Gey & Gey buffer as required (Յ10 times). Optical density at 450 nm was determined using a Molecular Devices VERSAmax tunable microplate reader, and readings were transferred to GraphPad Prism. A cubic spline curve was fitted to the calibration data, and unknown values were extrapolated from this curve fit. The results were then expressed as picograms of insulin released per islet per minute for each sample. Initially, every third fraction was assayed for insulin as a single replicate. If necessary, repeat insulin determinations were performed on the next unfrozen fraction.
Diazoxide was purchased from Sigma (D9035 Lot 117H47074). Ibipinabant and rimonabant were supplied by Solvay Pharmaceuticals. All drug solutions were made up fresh in dimethyl sulfoxide (DMSO; Fisher specified grade) for each experiment. Diazoxide remained in solution when diluted in assay buffer at the highest (100 M) tested concentration (1,000-fold dilution of DMSO stock). Both SLV319 and rimonabant formed a slight, milky precipitate when diluted (1,000-fold) to the highest tested concentration of 10 M in assay buffer; however, a clear solution was formed after vortexing. All perifusion solutions (vehicle and drug) had a final DMSO concentration of 0.1%.
For the concentration dependency experiments comparing the effect of ibipinabant rimonabant, diazoxide, and WIN 55212-1, data for pooled fractions were expressed as a simple mean of the three experiments. Mean insulin secretion was also calculated for each experiment as an average of fractions 16 -36 , and statistical comparisons were made by multiple two-tailed t-tests (P Ͻ 0.05 was defined as significantly different). IC 50 or EC50 values were calculated using a sigmoidal dose-response nonlinear curve fit (GraphPad Prism).
Islet perifusion/simplified screening protocol. The simple screening design was repeated three to four times using islets isolated from three separate islet preparations. All chambers (20 islets/chamber) were perifused with 4 mM glucose for 1 h prior to the start of the experiment. The first perifusate sample (sample 1) was taken from the last 10 min of this wash phase. Islets were then perifused with the test solutions containing vehicle or test compounds on a blind basis, and two perifusate samples were collected from each chamber from 0 to 30 min (sample 2) and from 30 to 60 min (sample 3). These experiments were performed at 11 mM glucose, which is approximately the EC50 for GSIS, so this screening test should be able to identify both agonists and antagonists of insulin secretion. Insulin was then assayed in aliquots from samples 1 (last 10 min of the 4-mmglucose wash phase), 2, and 3, and the rise in insulin secretion in samples 2 and 3 over that in sample 1 was calculated and set to 100%. Such responses were measured in at least three different islet preparations. Two separate perifusion rigs were used. GSIS responses from rigs 1 and 2 in the final 30 min of the two experiments reported led to insulin concentrations of 123 and 142 ng/ml of insulin ( Fig. 3H ) and 146 and 135 ng/ml (Fig. 3I) , respectively, indicating excellent reproducibility between the two rigs used.
Test drugs [except for ⌬9-tetrahydrocannabinol (⌬9-THC)] were dissolved initially at 10 mM in DMSO, and all were soluble at this concentration. Drugs were then diluted to a final assay concentration of 10 M in buffer (0.1% final DMSO), and all drugs appeared soluble at this concentration. ⌬9-THC was supplied as a 95-mM solution in ethanol, and this was added directly to the flask at a final concentration of 10 M in assay buffer (0.01% final ethanol) along with a separate addition of DMSO to a final concentration of 0.1%. Most test drugs were supplied and coded by Solvay Pharmaceuticals, whereas diazoxide, tolbutamide, and ⌬9-THC were purchased from Sigma. Dronabinol for in vivo use was obtained from Solvay Pharmaceuticals.
Patch clamp recordings. COSm6 cells were cotransfected with pECE-SUR1 (hamster SUR1) and pCDNA1-Kir6.2 (rat Kir6.2) as well as a plasmid encoding the green fluorescent protein to facilitate identification of transfected cells. Cells were plated onto coverslips 12-24 h later, and patch clamp recordings were performed 36 -72 h posttransfection at room temperature. Patch clamp electrodes were fabricated from soda lime glass microhematocrit tubes (Kimble 73813) on a horizontal puller (Sutter Instruments, Novato, CA). Electrode resistance was typically ϳ2.0 M⍀ when filled with pipette solution. Cell-attached patches were voltage-clamped with an Axopatch 1D amplifier (Axon, Foster City, CA). The bath and pipette solutions (K-INT) had the same composition (in mM): 140 KCl, 10 K-HEPES, and 1 K-EGTA, pH 7.3. Rimonabant, ibipinabant, and glibenclamide stocks were made in DMSO and diluted in prewarmed K-INT solution (37°C) at 1:1,000 ratios such that the final DMSO concentration was 0.1%. All currents were measured at a membrane potential of Ϫ50 mV and filtered at 2 kHz.
Patch clamp data analysis. For recordings in which single-channel events could be resolved, digitized records of 35-s duration under drug application were analyzed with Clampfit 9.2 using 50% thresholdcrossing criterion. Amplitude histograms were constructed and fitted with Gaussian function. The sums of the areas under all peaks with amplitudes Ն3.5 pA (corresponding to single-channel opening) were normalized to the corresponding controls (without drug) obtained in individual patches to yield fold of changes in normalized open probability (NPo; i.e., relative channel activity). For patches where multiple-channel currents were observed and single-channel events could not be resolved, integrated currents were used to calculate NPo. After currents had reached the maximum in response to drug applications, the integrated current of a 35-s segment was normalized to the corresponding control prior to drug application from the same patch.Z 3 H-glibenclamide-specific binding and KCO allosteric modulator titration assay. Membranes were prepared from a human embryonic kidney-293 cell line that stably overexpresses human Kir6.2/SUR1 (ChanTest, Cleveland, OH) and stored at Ϫ84°C (5 mg protein/ml) in buffer containing 10 mM Tris·HCl (pH 7.4), 0.1 mM EGTA, and 10% sucrose.
3 H-glibenclamide (a.k.a. 3 H-glyburide; PerkinElmer, Boston, MA) saturation binding was performed in the presence of MgATP as described (62) . Nonspecific binding was determined in the presence of 20 M glipizide. MgATP-dependent allosteric modulation of high-affinity 3 H-glibenclamide-specific binding was measured as described (18) .
Statistical analysis. All of the measurements are reported as means Ϯ SE. A one-or two-way ANOVA or repeated-measures ANOVAs and curve fitting were performed as appropriate for the kind of comparisons using Prism and Instat programs from Graphpad software. When significant differences (P Ͻ 0.05) were detected in one-way ANOVA, Dunnett's multiple-comparison posttests were used. Bonferroni posttests were used for two-way ANOVAs.
RESULTS
Chronic administration of rimonabant and ibipinabant lead to body weight-independent improvements in fed and fasted insulinemia and plasma insulin during a GTT.
Zucker rats were used because they are less affected by the food intake effects of CB1-inverse agonists due to their disrupted leptin axis. Thirtythree male Zucker rats were randomized to one of three groups: vehicle (control), rimonabant (10 mg·kg ). Starting body weights between the groups were not significantly different (vehicle: 262 Ϯ 5 g; rimonabant: 250 Ϯ 4 g; ibipinabant: 248 Ϯ 4 g). After 10 wk of treatment, body weights were not significantly different between the vehicle and rimonabant groups, although ibipinabant caused a 13% decrease in body weight compared with controls (Fig. 1A) . Compared with vehicle control, ibipinabant decreased food intake significantly during 5 of the 10 wk, whereas rimonabant only decreased food intake significantly in weeks 1 and 3.
Over the course of the study, only small rises in fasting plasma glucose were observed (Fig. 1C ) despite large changes in body weight. Notably, Zuckers resist body weight-dependent hyperglycemia and the progression from obesity to diabetes through compensatory increases in insulin secretion and ␤-cell mass (40) . Thus, as expected, plasma insulin concentrations rose about ninefold in the control group over the 10 wk of the study (Fig. 1D) . Both rimonabant and ibipinabant atten-uated this rise in plasma insulin (Fig. 1D ) and either significantly lowered or had no significant effect, respectively, on fasting plasma glucose over time (Fig. 1C) . Consistently, insulin resistance values rose during the study in the control group; however, the increase in HOMA-IR was blunted ϳ50% by rimonabant and ibipinabant (Fig. 1E) .
During week 8, random, fed plasma glucose, and insulin concentrations were determined. The fed plasma glucose was not significantly different between the groups (not shown); however, fed insulin concentrations were 40 -60% significantly lower after chronic CB1 blocker treatment (Fig. 1F) . Figure 1G shows a GTT performed during week 9. No significant difference was observed in the glucose areas under the curve (AUCs); however, the concentration of insulin during the GTT was lower (Fig. 1H) (25) led to similar improvements in insulinemia, glucose tolerance, and ␤-cell rest. KCOs possess a distinct but transient signature effect in the GTT after acute exposure. However, since we did not know whether any acute effects of CB1 inverse agonists might involve changes in gene expression, we initially opted to examine the effects of the CB1 inverse agonists after 24 h of drug or vehicle exposure. Therefore, in separate cohorts of male Zucker rats the acute effects of rimonabant, ibipinabant, and the prototypical K ATP channel openers diazoxide and NN414 were examined during a GTT (Fig. 2) . Consistent with a KCO-like mechanism, rimonabant acutely increased the plasma glucose concentration after a glucose challenge ( Fig.  2A) . This effect was dose dependent, with an EC 50 of 6.0 Ϯ 1.4 mg/kg, leading to a nearly threefold increase in glucose AUC at the highest dose (Fig. 2I) . Ibipinabant similarly increased glucose AUC from 14,000 Ϯ 1,022 to 24,440 Ϯ 1,738 mg·dl Ϫ1 ·min at 10 mg/kg (P Ͻ 0.001). These effects during GTTs were similar to those of diazoxide (Fig. 2C ) and its SUR1-specific analog NN414 (Fig. 2D) .
Consistently, rimonabant dose-dependently lowered insulin AUCs during GTTs, leading to 60 -70% decreases in plasma insulin at the highest doses, with an IC 50 ·min, P Ͻ 0.05. The apparently lesser effect of diazoxide on plasma insulin may be explainable by the smaller increase in vehicle-treated rats, which in turn may be related to the smaller n ϭ 6 vs. n ϭ 10 -11 for other experiments). NN414 also lowered plasma insulin during a GTT, leading to an The diazoxide/NN414-like effects of CB1 ligands tested are mediated at the level of pancreatic islets, but in vitro and in vivo responses could not be predicted from their known activity at CB1. In vitro studies were conducted to determine whether the diazoxide/NN414-like effects of rimonabant and ibipinabant were mediated at the level of pancreatic islets by examining GSIS in perifused islets. At perifusate concentrations of 10 M, rimonabant and ibipinabant reduced insulin secretion by ϳ74 -75% (Fig. 3, A and E) with IC 50 s of 2.4 -2.5 M (Fig.  3, B and F) . Diazoxide had a smaller effect at the same concentration; it exhibited less potency compared with the CB1 receptor inverse agonists (IC 50 of 10.4 M; Fig. 3, C and D) but abolished insulin secretion at the highest (100 M) dose tested. A CB1 agonist, WIN 55212-2, significantly inhibited insulin secretion to 33.9% of control at the highest (10 M) tested concentration (Fig. 3G) . These findings suggest that the acute effects of rimonabant and ibipinabant observed in Zucker rats are mediated at the level of pancreatic islets. The finding that the CB1 agonist WIN 55212-2 and the two CB1 inverse agonists exerted similar diazoxide/NN414-like effects prompted an investigation of several other compounds on insulin secretion.
Other perifusate studies were performed at one concentration (10 M), using the simplified screening protocol in two separate rigs as described in RESEARCH DESIGN AND METHODS. GSIS responses in these studies represented 30-to 40-fold increase in insulin secretion (Fig. 3, H and I) . As expected for a sulfonylurea, tolbutamide increased insulin secretion after the addition of 11 mM glucose 191% above vehicle in the first 30 min and 140.4% in the second 30 min. Both the R eutomer and S distomer of the CB1 agonist WIN 55,212 had a trend toward lowering insulin secretion during the first 30 min, but for both compounds this was significant in the second 30 min (WIN 55,212-2, 35 Ϯ 4.4% of control; and WIN 55,212-3, 40.3 Ϯ 9.3% of control). The switch to glucose and drug or vehicle occurred at the same time. Thus differences in access to the channel between the different compounds used might explain the temporal pattern (e.g., delays), of some responses and could potentially influence the earlier concentration-response curves. The SUR1-selective K ATP channel opener NN414 decreased insulin secretion as expected in the first and second sample periods (Fig. 3H) . The cannabinoid agonist ⌬9-THC decreased insulin secretion to 53 Ϯ 3.4% of control, but only in the second 30 min. Diazoxide lowered insulin secretion as expected in the first 30 and last 30 min of the perifusion (Fig. 3I) . CP55940 eutomer, a CB1 agonist, had a trend toward lowering insulin secretion, but only in the last 30 min, whereas its distomer caused a similar but statistically significant reduction in the last 30 min (58.5 Ϯ 8.5% of control). The CB1-inactive distomer of ibipinabant (SLV319 distomer) caused a significant reduction of insulin secretion in the first (59 Ϯ 7.2% of control) and second 30-min (25 Ϯ 4.7% of control) sample (Fig. 3I) . These findings show that several CB1 agonists, antagonists, and their distomers have similar inhibitory effects on insulin secretion. That is inconsistent with these responses being mediated by CB1 receptors and suggests a direct effect at the level of pancreatic islets.
Dronabinol (a.k.a., marinol), a sesame oil dissolved preparation of the phytocannabinoid agonist ⌬9-THC from Cannabis sp, was examined for its acute effects on plasma glucose or insulin during a GTT. Figure 4 , A and B, shows that a single dose of dronabinol significantly worsened glucose tolerance and lowered plasma insulin during a GTT in Zucker rats. This finding is consistent with the effects of ⌬9-THC in the islet perfusion studies. Taken together, the results of the studies in Figs. 3 and 4 strongly suggest that the inhibition of GSIS and glucose tolerance by these cannabinoid-related compounds is not mediated by CB1.
The diazoxide/NN414-like effects of ibipinabant and rimonabant are maintained in CB1-KO mice but abolished in SUR1-KO mice. GTTs were performed in 14 -16 male CB1-KO, SUR1-KO, and their respective sibling controls (age 15-18 wk; Fig. 5 ) ϳ24 h after the initial exposure to drug and 45 min after the second daily dose (10 mg/kg). CB1-KO mice had ϳ8% lower body weights compared with wild-type mice (ϩ/ϩ: 28.2 Ϯ 0.37 g, n ϭ 15; Ϫ/Ϫ: 26.3 Ϯ 0.37 g, n ϭ 18; P Ͻ 0.01). No significant effect on body weight was observed in SUR1-KO mice (data not shown).
Rimonabant increased glucose AUCs 51% in wild-type and 46% in CB1-KO mice (Fig. 5A) . Ibipinabant elevated glucose AUCs 34% in wild-type mice and 42% in CB1-KOs (Fig. 5A) . These responses were not significantly different across geno- types. These findings are incompatible with a role for CB1 in these peripheral actions.
SUR1 disruption in mice paradoxically results in lower basal and GSIS despite elevated resting membrane potentials in ␤-cells (67) . Thus, as reported previously, GTT AUCs were elevated in SUR1-KOs compared with their wild-type sibling controls. Consequently, a lower glucose dose (0.8 g/kg) was chosen for these GTTs to insure that the glucose concentrations remained within the range of the glucometer and so that further elevations in glucose could be observed if they occurred. In wild-type mice, rimonabant and ibipinabant elevated the glucose AUC by 152 and 83%, respectively; however, no effect of either was observed in SUR1-KO mice (Fig. 5B) .
We attempted to measure plasma insulin concentrations in the above studies, but the concentrations were low and not in a reliable area of the standard curves for the insulin assay kits we use. We were reminded of the findings of Getty-Kaushik et al. (27) showing that inhibition of GSIS was more readily observed in obese than in lean animals, which had also been our observation in preliminary studies. Therefore, it was decided that an additional GTT study would be performed after we induced obesity in a separate cohort of SUR1-KO mice and their wild-type siblings by feeding them a high-fat diet for 11 wk (60% kcal from fat, D12492; Research Diets). These SUR1-DIO mice showed a significant increase in body weight that was not significantly different between the groups tested (Fig. 5, C and D) . It was decided that this approach would not be appropriate for the CB1-KO mice, which have a welldescribed food intake phenotype that we expected would lead to significant differences in body weight that could confound the GTTs. In the SUR1 ϩ/ϩ DIO mice, rimonabant worsened glucose tolerance and significantly lowered insulin during the GTT, consistent with acute effects on Zucker rats. In the SUR1 Ϫ/Ϫ DIO vehicle-treated mice, insulin concentrations during the GTT were similar to those for rimonabant treated SUR1 ϩ/ϩ mice. Rimonabant did not produce a significant further lowering of plasma insulin in the SUR1-KO mice (Fig. 5D) .
Rimonabant and ibipinabant have diazoxide/NN414-like effects on K ATP channels. To determine whether rimonabant and ibipinabant activate K ATP channels, cell-attached patches containing reconstituted Kir6.2/SUR1 (␤-cell K ATP ) channels were recorded. Figure 6 shows that K ATP channel activity was increased in the presence of 3 M CB1 reverse agonists compared with that observed before drug applications (changes in NPo for rimonabant and ibipinabant are 6.76 Ϯ 1.76-and 7.50 Ϯ 2.36-fold, respectively), and these increases were statistically significant (P Ͻ 0.05, 2-tailed t-test) compared with the vehicle control (0.1% DMSO, NPo changes 1.48 Ϯ 0.48-fold). For comparison, we examined the effects of diazoxide, a known KCO, on channel activity. At 200 M, diazoxide stimulated channel activity 16.13 Ϯ 3.70-fold, much greater than that seen for rimonabant and ibipinabant at 3 M. Higher concentrations of rimonabant and ibipinabant (10 M) did not lead to further stimulation of channel activity. The results demonstrate that rimonabant and ibipinabant, like diazoxide, can activate the K ATP channels but have reduced efficacy.
Allosterically mediated inhibition of high-affinity sulfonylurea-specific binding to human KIR6.2/SUR. KCOs and closers bind to distinct sites on K ATP channels. Unfortunately, no suitable radioligands that bind directly to the opener site on SUR1 exist (66) . However, KCOs can allosterically regulate high-affinity sulfonylurea-specific binding in the presence, but not in the absence, of MgATP (62) (63) (64) 66) . MgATP lowers the binding affinity for 3 H-glibenclamide at K ATP channels but is also required to indirectly observe the binding and activity of KCOs (64, 66) . This finding forms the basis for a radioligandbinding assay to detect KCOs.
3 H-glibenclamide bound specifically to membranes from a cell line stably expressing human KIR6.2/SUR1 (Fig. 7A) . The K d was 3.2 Ϯ 0.3 nM in the presence of MgATP, which compares well with ϳ2 nM reported for binding to murine pancreatic islet membranes under the same conditions (64) . The B max was 5,977 Ϯ 232 fmol/mg, demonstrating excellent K ATP channel expression in these cells. Consistent with previous reports, diazoxide had minimal effects on specific binding in the absence of MgATP (64, 66) ; in its presence binding was reduced ϳ10% at 1 nM 3 H-glibenclamide, and under those conditions diazoxide titration led to displacement of 3 H-glibenclamide (Fig. 7B) . The diazoxide analog NN414 exhibited similar MgATP-dependent effects on specifically bound 3 H-glibenclamide, but with a better equilibrium dissociation constant (K b ; Fig. 7C and Table 1 ). Rimonabant and ibipinabant exhibited similar MgATP-dependent effects on 3 H-glibenclamide binding to human Kir6.2/SUR1 membranes. Ibipinabant and NN414 had equivalent K b values, whereas that for rimonabant was about fivefold lower (Table 1 and Fig. 7) . The ternary complex constant-␣ was also calculated. This constant is inversely related to the efficacy of the allosteric effect; values range from 1 (no effect) to 0 (strongest effect). The allosteric effects for rimonabant were greater than those for ibipinabant; however, the efficacy of diazoxide and NN414 was greater than rimonabant and ibipinabant. (Fig. 7 and Table  1 ). Although the ␣ for rimonabant and ibipinabant suggest a weaker effect than diazoxide and NN414, even the smallest MgATP-dependent displacement with ibipinabant represents ϳ8,000 disintegrations/min in this assay, with standard errors typically ranging from 1 to 3%.
Although differences in ␣ (efficacy) were detected between rimonabant and ibipinabant in the binding studies (Table 1) , this was not the case in the electrophysiological studies (Fig. 6) . This may represent a difference between human and hamster K ATP channels. Nevertheless, both the electrophysiological and binding studies suggest that rimonabant and ibipinabant are partial agonists for KCO compared with the full agonists diazoxide and NN414. However, because only a fraction of the K ATP channels in islets are needed to exhibit a maximal effect on GSIS, the differences in the ␣ are more likely to affect the IC 50 rather than the efficacy of these compounds on GSIS. In agreement with this idea, rimonabant, ibipinabant, and diazoxide produced equivalent inhibition of GSIS (Fig. 3) . However, because diazoxide had a lower value for ␣ (stronger allosteric effects) compared with the two CB1 inverse agonists, there were larger differences between its IC 50 for GSIS (Fig. 4D ) and K b (Fig. 7B) . Supporting this idea and the concept of spare K ATP channels in insulin secretion, a linear relationship was found between the IC 50 for GSIS/K b ratios and the ternary complex constants for rimonabant, ibipinabant, and diazoxide (Fig. 7F) .
DISCUSSION
Rimonabant has been reported to improve insulinemia and glycemia in obesity and type 2 diabetes. Here, we showed that chronic administration of another CB1 inverse agonist, ibipinabant, also improves fed and fasting insulinemia, plasma insulin during a GTT, and glycemia during a 10-wk study. To begin to investigate the mechanism underlying these chronic effects, we performed acute in vivo and in vitro studies. Those studies indicated that rimonabant and ibipinibant can lower insulin secretion acutely in vivo, and this effect appears to be working at the level of pancreatic islets. The inhibitory effects of rimonabant on GSIS are in agreement with the findings of Getty-Kaushik et al. (27) . Evidence began to mount during our acute studies that the diazoxide/NN414-like effects of the CB1 inverse agonists were not mediated by CB1. First, we found that a CB agonist, dronabinol, caused glucose intolerance, and its active ingredient, ⌬9-THC, decreased the plasma insulin in response to a glucose challenge, as did the two CB1 inverse agonists, rimonabant and ibipinabant. Consistent with these findings, previous studies have found glucose intolerance after phytocannabinoid exposure in man, rabbits, and rats (33, 37) . However, if mediated by CB1 receptors, opposite responses to CB1 agonists and inverse agonists were expected. Second, both of the CB1 agonists and antagonists we tested here inhibited GSIS. Third, distomers and eutomers of CB1-related ligands we tested were equally efficacious at preventing GSIS. The inability to predict the diazoxide/NN414-like effects of these compounds based on their activities at CB1 receptors along with the similar effects of the CB1 receptor eutomers and distomers makes it difficult to accept that these responses are mediated by CB1 receptors. A fourth point is that rimonabant and ibipinabant caused this glucose intolerance in CB1-KO mice. Taken together, these findings argue against a role of CB1 in these diazoxide/NN414-like effects.
In contrast to CB1-KO mice, effects of rimonabant and ibipinibant on glucose tolerance were absent in SUR1-KO mice, and rimonabant failed to lower insulin in SUR1-KO mice on a high-fat diet. Thus, SUR1 appears to be required to observe these effects. Consistently, rimonabant and ibipinibant were found to be partial agonists for SUR1 K ATP channel opening in cells overexpressing hamster SUR1 K ATP channels. Both rimonabant and ibipinibant also tested positive as partial agonists in an allosteric modulator titration binding assay designed to detect direct MgATP-dependent binding of ligands to the KCO site on human KIR6.2/SUR1. Compared with diazoxide and NN414, rimonabant and ibipinibant appear to be potent SUR1 KCOs.
Our initial goal was to help understand how rimonabant improves insulinemia in human and animal models and elicits ␤-cell rest in Zucker rats. Our data suggest a potential lead in this regard; however, we ackowlege that additional work is needed to determine the extent to which a KCO mechanism contributes to chronic improvements in insulinemia with rimonabant and ibipinibant. Although rimonabant, diazoxide, and NN414 treatments have led to similar improvements in insulinemia, pancreatic function, and/or morphology in Zucker rats (1, 3, 4, 6, 8, 16, 25) , caution is warranted in interpreting all of the chronic positive effects of rimonabant and ibipinabant on insulinemia as being mediated through direct K ATP channel opening at this time.
One caveat relates to the fact that obese rodents have higher levels of endocannabinoids in organs involved in setting insulin sensitivity (39, 46, 47, 53, 73) . In contrast, many of the mechanistic studies, such as the KO studies we conducted, were in lean animals where a lower endocannabinoid tone might unmask off-targets. So it could be argued that we carried out some experiments, such as those using islets or KO animals, under conditions that favor nonselective actions of the two drugs. However, this argument may not really be relevant for the special case of SUR1. As shown by Getty-Kaushik et al. (27) , the GSIS effects of rimonabant were more prevalent in obese as opposed to lean animals. We also found that the acute effects of diazoxide, rimonabant, and ibipinabant on glucose tolerance were more robust in obese vs. lean animals (not shown). Getty-Kaushik et al. (27) also found that rimonabant was beneficial in obese Zucker islets or islets exposed to high fat and high glucose to lower basal hypersecretion without diminishing the fold secretion induced by glucose, consistent with our chronic studies. Values are means Ϯ SE from studies shown in Fig. 6 , where ␣ is the ternary complex constant and Kb is the equilibrium dissociation constant of modulator binding at 37°C in the presence of 100 M MgATP and ϳ1 mM MgCl2. An ␣ Ͻ1 indicates negative allosteric modulation of binding.
Another caveat relates to the relatively higher affinity of rimonabant and ibipinabant for CB1 compared with SUR1. For example, the steady-state plasma concentration after chronic administration of rimonabant in humans has been calculated to be around 100 nM, higher than the potencies we observed for SUR1 actions in vitro. In favor of a potential involvement of SUR1, concentrations of ingested lipophilic drugs can be elevated substantially in the portal circulation (20) , and it is not possible to tell from the peripheral plasma concentrations whether lipophilic CB1 ligands become concentrated in the membrane or the cytoplasm, where the opener and closer sites face (55, 65, 74) . Although the KCO effects of the compounds we investigated are not as potent as many G protein-coupled receptor blockers, they are quite potent for SUR1 K ATP openers, as exemplified by diazoxide. Nevertheless, as indicated earlier, further studies are needed to determine the relative contribution of K channel opening to the long-term effects of CB1 inverse agonists.
Although CB1 and CB2 receptors have been identified by at least two groups in human islet ␤-cells (11, 44) , the effects reported for various cannabinoid-related compounds have been inconsistent (23) . For example, Bermúdez-Siva and colleagues (10, 12) found that endocannabinoid analogs caused glucose intolerance that was blocked by AM251, suggesting a CB1-related mechanism and conversely activation of CB2 receptors was linked to improved glucose intolerance. On the other hand, Li et al. (44) found that CB1 and CB2 endocannabinoid analogs and several antagonists not used here stimulated insulin secretion from human islets. They concluded that CB1 and CB2 agonists and blockers possess stimulatory effects on human islet insulin secretion and that this effect is cannabinoid receptor independent. However, for CB1 blockers, these findings with perifused human islets are not consistent with studies in humans and animals where rimonabant has been consistently found to lower and not raise insulin even at the earliest time point measured in clinical trials, consistent with our in vitro and in vivo findings and those of Duvivier et al. (25) , GettyKaushik et al. (27) , and Van Gaal et al. (77) . Oz et al. (54) , studying cromakalim-activated K currents in frog oocytes, found that anandamide acted to close SUR2 and SUR1 K ATP channels in an AM251-independent fashion and bound directly to the SUR2 closer site. Consistently, Spivak and Doyle (71) have reported that the endocannabinoid 2-AG inhibits K ATP channels independent of CB1 in murine insulinoma cells, although these effects are glucose dependent. They also reported effects on a number of islet channels, including sodium and calcium channels, in addition to SUR1 K ATP channels. These effects of 2-AG would be predicted to lead to opposing effects on insulin secretion. Thus some reports are consistent with endocannabinoid lipids acting directly on the closer site of K ATP channels in addition to CB receptors. Taken together, these findings raise a caution flag about generalizing the insulin secretion or channel effects of a limited set of compounds to all other CB-related compounds. Rather, CB-related compounds and their inactive analogs or distomers should be evaluated individually for their potential effects on therapeutically relevant ion channels and GSIS. Further studies with human as opposed to rodent models are also warranted based on the report of Li et al. (44) . Here we used human K ATP channels for our radioligand-binding studies.
Our findings raise the possibilty that new SUR1 KCOs might be found by examining chemical structures related to cannabinoid ligands and/or their distomers. Diazoxide is approved for management of hypoglycemia due to hyperinsulinism associated with some conditions. Other potential uses have also been posited. For example, some (13, 14, 30, 31, 52, 56, 57, 60, 70, 81, 82) but not all (24, 58) clinical studies have suggested benefits of KCOs associated with improvements in glucose tolerance, glycemia, and/or insulinemia in diabetes. Nevertheless, this is not an approved use. SUR1-acting KCOs also appear to promote ␤-cell rest in animal studies (1-9, 15, 16, 29, 32, 35, 36, 38, 42, 43, 45, 48, 49, 59, 69, 72, 80) , and this has led to a proposal to begin to explore their use for prevention of obesity to diabetes conversion (17) . Although additional human studies would be needed to examine the safety and efficacy of diazoxide for other uses, the potential for any future use is limited by diazoxide possessing a number of side effects. Furthermore, it has been difficult to identify new SUR1-specific KCOs like NN414 that have improved toxicity and side effect profiles. Other structure classes of KCOs, such as those related to cromakalim, have frequently been more SUR2 specific. Thus the identification of new structure classes of SUR1-acting KCOs could be welcomed. Here, we found that distomers of some CB1 agonists and antagonists exhibited the diazoxide effects of their eutomers on GSIS. By examining stereoisomers or other CB1-inactive modifications of existing CB1 ligands, it may be possible to identify new ion channelacting compounds that exhibit K ATP but not CB1 effects, thereby facilitating the development of new therapeutics for diazoxide-approved indications lacking both the adverse central effects of CB1 blockade as well as the hepatotoxicity that has been associated with some diazoxide analogs.
